Two experiments were conducted to determine the urinary purine derivative (PD) excretion rates and to analyze potential variations in PD excretions between yak, Tibetan indigenous cattle, and their crossbreds under similar ecological environment, and to develop prediction equations based on PD excretion for estimating rumen microbial protein supply. Three Tibetan castrated male yaks, and similar numbers of indigenous cattle and their crossbreds, were used in a fasting trial followed by a feeding trial, using three 3 × 3 Latin squares (1 for each breedtype), to measure responses of PD excretion to different feeding levels. The results showed that i) daily endogenous PD excretion for yak, indigenous cattle, and their crossbreds was 134, 163, and 138 µmol/kg of BW 0.75 (P = 0.38), respectively; and ii) crossbreds have greater PD excretion rate per unit digestible OM intake than indigenous cattle (P = 0.03). However, there were no significant differences between yaks and the crossbreds (P = 0.24) or between yaks and the indigenous cattle (P = 0.25). The proportion of allantoin to total PD in urine ranged from 0.83 to 0.88, with the crossbreds having greater values compared with the 2 parents (P = 0.03). Daily glomerular filtration rate, calculated using endogenous creatinine as an internal marker, for the above animals was 3.85, 4.23, and 3.61 L/kg of BW 0.75 , respectively, in fasting trial (P = 0.59). The alpine animals may develop special regulating mechanisms in the kidney in terms of glomerular filtration rate and PD excretion, which would help the animals in adapting to the harsh environment of the Qinghai-Tibetan plateau.
INTRODUCTION
The rangeland of Qinghai-Tibetan plateau is characterized by its high altitude (>4,000 m), very low annual average temperature (−1 to −5°C), a short growing season (from June to September), and great seasonal variation in feed supply (Long et al., 2004 (Long et al., , 2005 . Having been living in such a harsh environment for several thousand years, yaks (Bos grunniens) seem to have developed some special physiological features for their survival. Our previous research has shown that yaks appeared to be able to use dietary N more efficiently than cattle living in lower altitude regions (Long et al., 1999) . The greater efficiency of N utilization in yaks could be attributed to differences in microbial protein production in the rumen, efficiency of N utilization in the body, or both. Urinary purine derivative (PD) technique has been widely used to estimate rumen microbial protein production. Studies adopting this technique have been reported for sheep and goats (Balcells et al., 1991; Belenguer et al., 2002) , cattle (Fujihara et al., 1987; Nsahlai et al., 2000; Ojeda et al., 2005) , water buffalo (Liang et al., 1994 (Liang et al., , 1999 , and camels (Guerouali et al., 2004) . A review of the available literature suggested only small differences in PD excretion rate among cattle, including comparisons between Bos taurus and Bos indicus. However, there were clear differences between water buffalo (Bubalus bubalis) and cattle in urinary PD excretion (Liang et al., 1994 (Liang et al., , 1999 , which could be attributed to species differences or the environment effect.
The objectives of the present study were to determine potential differences in PD excretions between yak, indigenous cattle (Bos taurus), and their crossbred (Bos taurus × Bos grunniens) under similar ecological environment, and to develop prediction equations based on PD excretion for estimating rumen microbial protein supply.
MATERIALS AND METHODS
Two studies were conducted from January to May 2008 in Wushaoling (N37°12.479′ and E102°51.695′, altitude 3,154 m), Tianzhu Tibetan Autonomous County, Gansu Province, China. The experimental procedures were based on those described in the laboratory manual (IAEA, 1997) and approved by the Animal Ethic Committee of the Gansu province. During the experimental period, the average indoor temperature was 5°C, and relative humidity was 60%.
Fasting Trial
Three castrated male yaks (36 to 38 mo old) and equal numbers of indigenous male cattle (22 to 24 mo old) and of castrated male crossbreds (36 to 38 mo old) with mean BW of 146 ± 5.0, 116 ± 3.0 and 149 ± 5.0 kg, respectively, were used. The experimental diet was 100% oat hay (8.3 MJ of ME/kg of DM and 88 g of CP/ kg of DM). Feed was offered at 1.5% of BW daily for maintenance [ME requirement for yak was 0.458 MJ/kg of BW 0.75 (Hu, 2001) ] of the animals for 2 wk and then reduced stepwise to 1, 0.5, and 0% over 3 d (prefasting period), respectively. The fasting period lasted for 6 d, followed with a refeeding period with stepwise increases to 0.5 and 1% DM of BW over 2 d before normal feeding was recovered. During the above trial period, animals were housed individually in metabolism crates. Fresh drinking water was freely available to the animals at all times. On d 1, 3, and 6 of the fasting period, a blood sample (0700 h) was taken from each animal from a jugular vein. Two 10-mL heparinized tubes containing 150 IU of heparin sodium were used to collect jugular blood by the venipuncture method; the blood was then centrifuged at 2,500 × g for 10 min at 4°C, and heparinized plasma was stored −80°C for further analysis of PD. Urine was collected using a latex funnel attached to the animal, which allowed the urine to flow into a plastic tray placed underneath the metabolism crate. Daily urine from individual animal was collected into a bucket containing 10% H 2 SO 4 to keep the final pH at between 2 to 3. The urine was weighed and sampled. Urine and blood samples were processed and stored according to the procedures described in the laboratory manual (IAEA, 1997) for further analysis of PD.
Feeding Trial
This experiment was conducted using the same animals from the fasting trial 2 mo later. The animals were fed individually for ad libitum intake for 2 wk to determine voluntary intake (VI), and the least intake was used to determine the different feeding levels for the feeding trial (Table 1) . Three 3 × 3 Latin squares, one for each breedtype, were used for the feeding trial. The 3 Latin squares were conducted concurrently, and the feeding levels were 0.3 × VI, 0.6 × VI, and 0.9 × VI. The experimental period was 17 d, allowing 10 d of adaptation and 7 d of sample collection, where urine and feces were collected daily. Blood samples were collected every other day with the same procedures as described in the fasting trial. Urine and blood samples were processed as in the fasting trial. Fecal samples were also processed in the procedure described previously (IAEA, 1997) and stored for further analysis.
Laboratory Analyses
The DM and OM of feces and feed were measured using AOAC procedures (AOAC, 1990) . Creatinine and PD including allantoin, uric acid, xanthine, and hypoxanthine concentrations in urine and plasma samples were measured using HPLC following the procedure of Balcells et al. (1992) .
Statistical Analysis
In the fasting trial, to study the effect of animal and period, data obtained were analyzed as a repeated observation on each experimental unit (animal). An orthogonal set of contrasts over time, comparing daily means with the mean of the following period, was used to partition the error sum of squares into components associated with each contrast (Everitt, 1995) , and the differences of all variables between each breedtype were obtained by 1-way ANOVA.
In the feeding trial, data were analyzed as a Latin square design to determine the effects of feeding levels within each breedtype. The relationship between digestible OM intake (DOMI) and PD excretion in urine for individual breeds was derived by linear regression, and the significance of the regression coefficient was determined by t-test (Du, 2003) . All analyses were performed using SPSS software (SPSS Inc., Chicago, IL) according to the procedure as described by Landau and Everitt (2004) , and significance was declared at P < 0.05.
RESULTS

Profiles of PD and Endogenous PD Excretion in Urine
Allantoin was the primary PD detected in the urine of yak, cattle, and their crossbreds, followed by uric acid. Xanthine and hypoxanthine concentration were negligible or absent in urine samples, and they were not included in the total PD (Table 2 ). In the fasting period, allantoin accounted for 0.83 to 0.88 of the total PD, with the value for crossbreds (0.88) being greater (P = 0.03) than those of yak (0.84) and cattle (0.83).
Daily total PD and allantion excretions decreased significantly from the prefasting period to relatively stable concentrations during the fasting period and were considered as endogenous losses ( Table 2) . The values were 134, 163, and 138 µmol/kg of BW 0.75 for yak, cattle, and their crossbreds, respectively. There were no significant differences in endogenous allantoin and the total PD excretions among breedtypes, but endogenous uric acid excretion of the crossbreds was less (P = 0.02) than the other 2.
Response of PD Excretion to Feed Intake
Daily allantoin and total PD excretions increased significantly from 0.3 × VI to 0.9 × VI for all 3 breedtypes, but uric acid excretion was not affected by feeding level for yak and indigenous cattle ( Table 3) (SE = 0.41; R 2 = 0.75, n = 9, P < 0.001). Eq.
[3]
The slope of the regression line for the crossbreds was greater (P = 0.03) than that for indigenous cattle (Eq. Within a column, means without a common superscript differ (P < 0.05). Within a row, means without a common superscript differ (P < 0.05).
Urinary purine derivatives in yak and cattle 2 vs. Eq. 1), but no differences were detected between yak and crossbreds (P = 0.24) or indigenous cattle (P = 0.25). Based on the above equations, the urinary PD excretion rate was 14.42, 20.01, and 16.02 mmol/kg of DOMI for cattle, crossbred, and yak, respectively.
Glomerular Filtration Rate and Reabsorption of PD
The glomerular filtration rate (GFR), tubular load, and reabsorption PD of the tested animals during fasting and feeding trials are shown in Tables 4 and 5 , respectively. No significant differences were detected among the 3 breedtypes in urinary creatinine excretion during fasting trial, with an overall mean of 512 µmol/ kg of BW 0.75 per day (446 to 553; P = 0.17). Feeding levels did not affect daily urinary creatinine excretion within breedtype (Table 5 ). The value for yak (528 µmol/kg of BW 0.75 ) remained almost similar to that during fasting; however, it decreased for cattle (372 µmol/kg of BW 0.75 ) and increased for crossbred (616 µmol/kg of BW 0.75 ) in fed animals. On the other hand, plasma creatinine concentration of cattle was less than the others, irrespective of fasting or feeding levels.
There were no significant differences among the different breedtypes in GFR, with an overall mean of 3.9 L/kg of BW 0.75 (ranged from 3.6 to 4.2 L/kg of BW 0.75 ), and no significant differences were detected for tubular load and reabsorption of allantoin, uric acid, and total PD among breedtypes during fasting trial ( Table   Figure 1 . Urinary purine derivatives (PD) of yak, indigenous cattle, and crossbred as a function of digestible OM intake (DOMI). ▲ PD cattle = 14.42 DOMI + 3.03 (R 2 = 0.89, n = 9, P < 0.001). ■ PD crossbred = 20.01 DOMI − 0.71 (R 2 = 0.94, n = 9, P < 0.001). ♦ PD yak = 16.02 DOMI + 1.27 (R 2 = 0.75, n = 9, P < 0.001). Within a row, means without a common superscript differ (P < 0.05).
4). Although these values tended to increase with increasing of feeding levels within each breedtype, their responses were variable (Table 5) .
DISCUSSION
Urinary PD Profiles
Profiles of PD were similar to those reported for cattle and water buffalo [i.e., 0.86 to 0.91 allantoin for Bos taurus cattle (Verbic et al., 1990) ; 0.74 to 0.91 allantoin for Bos indicus (Liang et al., 1994 (Liang et al., , 1999 ; 0.90 to 0.95 allantoin for Bos indicus × Bos taurus crossbred (Ojeda et al., 2005) ; and 0.68 to 0.89 allantoin for water buffalo (Chen et al., 1996; Liang et al., 1999) ]. Moreover, the present study further confirmed the value (0.86 allantoin) reported on yak (Long et al., 1999) .
Greater values for allantoin:PD for crossbreds than for pure breeds suggest that crossbreds may have different xanthine oxidase (XO) activity. Giesecke et al. (1984) suggested that the end products of metabolism vary among animals depending on purine metabolizing enzymes such as XO and uricase. Soejono et al. (1999) showed greater XO activity in blood and intestinal mucosa in Bali cattle was reflected in a smaller allantoin/ total PD proportion than Ongole cattle (0.77 vs. 0.82). The activities of XO in plasma, liver, and small intestine of buffalo were greater than in cattle (Chen et al., 1996) , and a smaller proportion of plasma PD was disposed in the urine of buffaloes than cattle (Liang et al., 1999) . Therefore, it indicated different profiles of these key enzymes in crossbred tissue, but this requires further study.
Endogenous PD Excretion and Responses of PD to Feed Intake
The summary of daily endogenous PD in cattle, water buffalo, crossbred, and yak from the literature (Table 6) indicates that daily endogenous PD excretions ) also was reported (Soejono et al., 1999) for the indigenous Indonesian Bali cattle (Bos sondaicus). The latter are known for their adaptability to very poor nutritional environment in and around Bali Island in Indonesia.
Our results confirming the linear relationship between urinary PD and DOMI were consistent with previous studies in sheep (Balcells et al., 1993) , goats (Jetana, 2005) , cattle (Verbic et al., 1990) , zebu cattle (Liang et al., 1994; Soejono et al., 1999) , crossbred cattle (Ojeda et al., 2005) , water buffalo (Liang et al., 1999) , yak (Long et al., 1999) , and camel (Guerouali et al., 2004) , which suggests that urinary PD excretion rate was a useful index for estimating rumen microbial protein production.
Regressions represented the responses of PD excretion to incremental level of DOMI and their corresponding values for different species from the literature are summarized in Table 7 . Present findings (14.2 to 20.0 mmol/kg) fall within the published values (9.6 to 24.9 mmol/kg), and our results showed that crossbreds excreted greater PD from per unit of DOMI than indigenous cattle, which suggests that crossbreds have greater efficiency in utilizing DOMI for microbial protein production than indigenous cattle. The greater efficiency may induce better growth performance observed commonly in the crossbreds over the indigenous cattle in the Tibetan plateau ecosystem.
Glomerular Filtration Rate and Reabsorption of PD
No effect of feeding levels on urinary creatinine excretions within each breedtype supports the appropriateness of using creatinine as an internal marker for estimation of the GFR. Daily urinary creatinine excretions (µmol/kg of BW 0.75 ) recorded (yak: 467 to 585, cattle: 359 to 446, and crossbreds: 553 to 685) in this study were similar to those reported for sheep (541 to 547 µmol/kg of BW 0.75 ; Jetana, 2005) but less than for cattle (639 to 900 µmol/kg of BW 0.75 ; Chen et al., 1992) and greater than for buffalo (330 to 440 µmol/ kg of BW 0.75 ; Chen et al., 1996) and for yak (250 µmol/ kg of BW 0.75 ; Long et al., 1999) . The discrepancies were not surprising because Fiems et al. (1997) and Jetana (2005) reported that heavier animals excreted greater creatinine than lighter ones even when expressed on a metabolic BW basis, and urinary creatinine excretion may also be influenced by the hormonal status of the animals. With the increasing of feeding level of 3 breedtypes, the ascending trend of GFR was similar to those reports for cattle (Liang et al., 1999; Soejono et al., 1999) , water buffalo (Liang et al., 1999) , sheep (Chen et al., 1995) , and goats (Jetana, 2005 (Soejono et al., 1999) , but other results suggested that GFR was different between buffalo (178 L/d) and Bos indicus (95 L/d; Liang et al., 1999) . The above data suggest that GFR is affected by species or environmental differences.
Formation of urine is the result of glomerular filtration, tubular reabsorption, and secretion. If a substance is freely filtered at the glomerulus, the clearance of the substance is equivalent to GFR; if it exceeds the GFR, the net tubular effect is secretion; and if less than GFR, the net effect is reabsorption, or in other words, the substance is not freely filtered. Jetana (2005) reported that allantoin and uric acid were secreted by goats and sheep during fasting, and the secretion of allantoin and uric acid (except for the crossbred at 0.6 × VI) also occurred in present study. However, the reabsorption of allantoin and uric acid was reported in buffalo and Bos indicus (Liang et al., 1999) and Bos sondaicus (Soejono et al., 1999) , which was different from our results. These may indicate that alpine animals have developed special regulatory mechanisms in the kidney in terms of GFR and PD excretion, which would help the animals adapt to the harsh environment of the Qinghai-Tibetan plateau.
